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(g) Planar optical device. 

(57) An active optical device -comprises a glass, 
waveguiding structure (20,30,40,50) disposed 
on a substantially planar principal surface of a 
substrate (10). The structure includes a silica- 
based, erbium-doped active core (40). The ac- 
tive core has an erbiunvto-silicon atomic ratio 
of at least about 0.01, an absolute erbium con- 
centration of at least about 1.4X10 20 atoms per 
cubic centimeter, and a radiative lifetime of the 
erbium lasing level of at least about 7 mil- 
liseconds. Also disclosed is a method for form- 
ing an active optical device, including the step 
of depositing an erbium-doped active core by 
^ sputtering. 
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Field of the Invention 

This invention relates to active optical devices, 
such as amplifiers, that operate by stimulated emis- 
sion in laser glass, and more particularly to devices 
made in the form of planar optical waveguides. 

Art Background 

Optical amplifiers are important in networks for 
distributing optical signals. Optical fiber amplifiers, 
made from glass that is doped with rare earth ele- 
ments such as erbium, are a well-known example. For 
example, U. S. Patent No. 4,826,288, issued to R. J. 
Mansfield, et al. on May 2, 1989, describes one meth- 
od for fabricating optical fibers having cores with rel- 
atively high rare earth content. However, for applica- 
tions such as premises distribution of optical signals, 
where components need to be relatively small and de- 
vice integration is desirable, it is advantageous to pro- 
vide optical amplifiers in the form of planar wave- 
guides deposited on silicon substrates. However, as 
currently envisioned, such devices are much shorter 
than optical fiber amplifiers, and the required level of 
doping is correspondingly much greater. 

Attempts to deposit layers of glass at the high 
doping level appropriate for this purpose have been 
generally unsatisfactory. For example, a doped soot 
layer can be formed by chemical vapor deposition, 
and subsequently sintered to form a glass layer. A 
method for forming glass waveguides is described, for 
example, in U.S. Patent No. 4,425,146, issued to T. 
Izawa, et al., on January 10, 1984. A process forming 
sintered glasses containing rare earth dopants is de- 
scribed, for example, in U.S. Patent No. 4,826,288, is- 
sued to R. J. Mansfield, et al., on May 2, 1989. How- 
ever, the sintering temperature required, which may 
be as much as about 1200°C, may promote phase 
separation and may damage underlying structures on 
the substrate. As a consequence, it would be advan- 
tageous to find a core glass composition that can be 
doped with erbium and incorporated in a waveguide 
amplifier without exposing the waveguide structure to 
potentially damaging, high temperatures. 

Summary of the Invention 

In a broad sense, the invention is an active optical 
device in the form of a planar optical waveguiding 
structure. The device includes an elongate, active 
glass core which comprises silicon, oxygen, and er- 
bium, the erbium being at least partially in the form of 
Er^ ions. The active core further comprises an alkali 
metal or alkaline earth metal in an effective quantity 
to prevent clustering of erbium atoms. The device fur- 
ther includes a glass cladding, means for coupling sig- 
nal radiation into and out of the active core, and 
means for coupling pump radiation into the active core 



to pump the Er 3 * ions. The cladding and core are 
formed such that they overlie a substantially planar 
principal surface of a substrate. In the active core, the 
erbium-to-silicon atomic ratio is at least about 0.01, 

5 the absolute erbium concentration is at least about 1 .4 
x 10 20 atoms per cubic centimeter, and the erbium las- 
ing level has a radiative lifetime of at least about 7 ms. 

In another aspect, the invention is a method for 
forming an optical device on a silicon substrate having 

10 a substantially planar principal surface. The method 
includes, first, the step of forming a first layer of vitr- 
eous silicon dioxide on the principal surface. After 
that, a second layer of silica-based glass is deposited 
over the first layer by sputtering a target of silica-ba- 

15 sed glass containing sodium and erbium such that the 
second layer has a higher refractive index than the 
first layer. Significantly, the target composition is se- 
lected such that the core has an erbium-to-silicon 
atomic ratio of at least about 0.01 and a sodium-to-sil- 

20 icon atomic ratio in the approximate range 0.2 - 0.6, 
the absolute erbium concentration is at least about 1 .4 
x 1 0 20 atoms per cubic centimeter, and the target com- 
position is further selected such that a lasing level is 
associated with the erbium in the core, the lasing level 

25 having a radiative lifetime of at least about 7 ms. After 
the sputtering step, the second layer is annealed such 
that it is stabilized. A portion of the second layer is 
subsequently removed by etching, such that an elon- 
gate core is formed. After that, a third layer of phos- 

30 phosilicate glass is deposited over the core such that 
the third layer has a smaller refractive index than the 
core. 

Brief Description of the Drawings 

35 

FIG. 1 is a schematic, sectional end view of the 
inventive waveguiding structure, according to one 
embodiment. 

FIG. 2 is a schematic, top view of the waveguiding 
40 structure of FIG. 1. 

FIG. 3 is a schematic, sectional side view of the 
inventive waveguiding structure, according to an al- 
ternative embodiment. 

FIG. 4 is a flowchart of the steps in an exemplary 
45 process for manufacturing the inventive waveguiding 
structure. 

Detailed Description Of A Preferred Embodiment 

so The inventive optical amplifier is to be used to am- 

plify optical signals by stimulated emission from Er** 
ions. As is well known in the art, the appropriate signal 
wavelength is about 1.55 urn. Various wavelengths of 
pump radiation are readily used to excite the Er^ ions, 

55 as is described in greater detail below. 

With reference to FIG. 1, a currently preferred em- 
bodiment of the inventive optical amplifier includes a 
silicon substrate 10, a lower cladding layer 20 overiy- 
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ing the substrate, a passive core 30 overlying the low- 
er cladding layer, an active core 40 overlying the pas- 
sive core, and an upper cladding layer 50 overlying 
the active and passive cores and the lower cladding 
layer. In alternative embodiments of the invention, the 
passive core is omitted. 

As is apparent in the figure, the two cores are sub- 
stantially surrounded by the two cladding layers. The 
refractive indices of the upper and lower cladding lay- 
ers are not necessarily equal to each other. However, 
they should both be smaller than the refractive index 
of the active core, and also smaller than the refractive 
index of the passive core. As a consequence of the re- 
fractive index differences, electromagnetic radiation 
of the signal wavelength and at least one pump wa- 
velength is guided in both the active core and the pas- 
sive core. (In general, the waveguiding properties of 
the active and passive cores are not distinctly separ- 
able. Thus, for example, radiation guided in the active 
core is not guided exclusively therein, but by an effec- 
tive core to which the underlying passive core also 
contributes,) 

Preferably, the active and passive cores function 
as single-mode waveguides, at least with respect to 
the signal wavelength. Thus, signal radiation is prefer- 
ably guided exclusively in the fundamental mode. 
However, it should be noted that alternative embodi- 
ments are envisioned in which both the active and the 
passive cores function as multimode waveguides with 
respect to both the signal and pump radiation. 

The refractive index of the active core is prefer- 
ably somewhat greater than the refractive index of the 
passive core, in order to capture the greatest possible 
amount of light in the active core. (For example, active 
and passive cores are readily made having respective 
refractive indices of 1.50 and 1.45.) As a conse- 
quence of such refractive index difference, electro- 
magnetic waves that are guided in the active core will 
have narrower mode profiles than waves guided in the 
passive core. Accordingly, it is advantageous in such 
situations to make the active core narrower than the 
passive core. Such a relatively narrow active core 40 
is depicted in FIG. 1. 

Lower cladding layer 20 is formed on an appro- 
priately prepared, substantially planar principal sur- 
face of substrate 10, which is exemplarily a silicon wa- 
fer. Layer 20 is exemplarily a HI POX layer; i.e., a layer 
of vitreous silicon dioxide that is grown by thermal ox- 
idation of silicon under high pressure steam according 
to methods that are well-known in the art. The thick- 
ness of layer 20 should be greater than about 10 urn, 
because optical leakage may occur at substantially 
smaller thicknesses. A currently preferred thickness 
is about 15 jim. 

Passive core 30 is exemplarily made from phos- 
phosilicate glass. The phosphorus content, and con- 
comitantly the refractive index, of the glass is selected 
(with reference to the compositions of layers 20 and 
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50 and active core 40) to provide the desired wave- 
guiding properties, according to methods well known 
in the art. A useful range of glass compositions for 
passive core 30 consist of silica containing up to 

5 about 8 wt.% phosphorus, and the phosphorus con- 
tent more typically lies in the range 4 - 8 wt%. Core 
30 is exemplarily deposited on layer 20 by low-pres- 
sure chemical vapor deposition, according to meth- 
ods that are well-known in the art. The thickness of the 

10 passive core is exemplarily about 5 urn, and the width 
of the passive core is exemplarily about 7 urn. 

Active core 40 is made from a sBica- based glass 
having a relatively high concentration of erbium, e.g., 
glass having an erbium-to-silicon atomic ratio of at 

15 least about 0.01, preferably at least about 0.02, and 
still more preferably at least about 0.03. Furthermore, 
the absolute erbium concentration is at least about 1 .4 
x 10 20 atoms per cubic centimeter. A smaller erbium- 
to-silicon ratio is undesirable because it could lead to 

20 an undesirably small value of signal gain per unit 
length of the amplifier. 

Various glass-modifying chemical elements 
(hereafter, "modifiers") are advantageously added to 
the glass of the active core in order to increase the sol- 

25 ubility of erbium in the glass, and thus to prevent clus- 
tering of erbium atoms at high concentrations. Certain 
modifiers have been found to increase erbium solubil- 
ity while avoiding concentration-quenching effects, 
which would otherwise reduce the Er** radiative life- 

30 time below about 7 ms at relatively high concentra- 
tions (i.e., at erbium-to-silicon atomic ratios greater 
than about 0.02). Modifiers that are useful in this re- 
gard include alkali metals such as sodium and alka- 
line earth metals such as calcium. 

35 Modifiers are also usefully incorporated in the ac- 

tive core glass to control the homogeneous and inho- 
mogeneous broadening of the Er** absorption and 
emission peaks. Such modifiers include alkali and al- 
kaline earth metals, which in at least some cases tend 

40 to make the peaks narrower, and elements such as 
lanthanum, yttrium, and zirconium, which contribute 
high field-strength ions and tend to broaden the 
peaks. Modifiers (such as aluminum and gallium) that 
enhance the degree of cross linkage in the glass net- 

45 work may also increase the degree of inhomogene- 
ous broadening. In some cases, such modifiers are 
advantageously added to offset the effects of other 
modifiers on the absorption and emission peaks. 
Modifiers are also usefully incorporated in order 

so to stabilize the glass against devitrification, crystalli- 
zation, and attack by moisture during or after film de- 
position. Modifiers useful for that purpose include cal- 
cium, magnesium, aluminum, and lanthanum. (Be- 
cause the active core glass typically has a greater 

55 thermal expansion coefficient than the underlying sil- 
icon and silica regions, it may also be advantageous 
to add modifiers that reduce the thermal expansion.) 
Thus, for example, an active core glass with a rel- 

3 
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atively high solubility for erbium is readily made by in- 
corporating in silica glass an effective amount of so- 
dium. An effective range for the sodium-to-silicon 
atomic ratio is from about 0.2 to about 0.6. An optional 
quantity of calcium, up to a ca!cium-to-s9icon atomic 5 
ratio of about 0.2, is usefully incorporated in order to 
enhance erbium solubility and to stabilize the glass, 
as discussed above. An optional quantity of alumi- 
num, up to an aluminum-to-silicon atomic ratio of 
about 0.1 , is usefully incorporated in order to stabilize 10 
the glass. Similarly, optional quantities of other modi- 
fiers, such as those listed above, are usefully added 
in quantities that are limited, inter alia, by the ultimate 
refractive index desired and the relevant solubility lim- 
its. 15 

An exemplary method for depositing active core 
40 is by sputtering, as described in detail below. As 
noted, the refractive index of active core 40 should be 
greater than those of both cladding layers, and also 
greater than the refractive index of passive core 30. 20 
Significantly, the use of sputtering offers the advan- 
tage that the concentration of Er^ ions can be made 
substantially uniform throughout the active core. 
Moreover, radiation damage (which can occur when 
erbium doping is performed by ion implantation) is 25 
avoided. 

The thickness of the active core is exemplarily 
about 1 .2 |im. If the active core is made substantially 
thinner than about 1.0 urn, there will be no guided 
mode at the signal wavelength. The width of the active 30 
core should be at least about 4 ^m, and is exemplarily 
about 8 urn. The total length of the active core is typ- 
ically 5 mm or more. 

Upper cladding layer 50 is advantageously made 
from phosphosilicate glass, exemplarily by low-pres- 35 
sure chemical vapor deposition. In order to provide 
the desired index of refraction, an appropriate content 
of, e.g., phosphorus is selected according to methods 
well known in the art An exemplary phosphorus con- 
tent is about 2 wt.%. The thickness of the upper clad- 40 
ding layer is exemplarily about 5 nm.. 

In use, an optical signal at a wavelength of about 
1 .55 11m, and pump radiation at least at one wave- 
length shorter than 1 .55 u/n, are coupled into the pas- 
sive core, and from the passive core into the active 45 
core. As is well-known in the art, pump radiation is ab- 
sorbed by Er y ions in the active core, promoting at 
least some of them to the 4 I 13 ^ state, which is a lasing 
level of atomic excitation. The lasing level is not 
reached directly, but rather by optical excitation to any 50 
one of several excited states of still higher energy. 
The lasing level is reached by nonradiative decay 
from those higher states. Correspondingly, pump ra- 
diation is effective at any of a group of wavelengths, 
including 980 nm, 810 nm, 660 nm, 514 nm, and 1.48 55 

In order for excitation of erbium ions, and result- 
ing amplification, to take place, the signal and pump 



radiation must be coupled from the passive core into 
the active core, and vice versa. With reference to FIG. 
2, this is readily achieved by providing the active core 
with tapers 60. That is, the active core has two termi- 
nal portions, each of which is progressively constrict- 
ed as the corresponding end is approached. The con- 
striction is in at least one dimension normal to the 
longitudinal axis of the core. The normal dimension 
may be transverse, as shown in FIG. 2, or, as depicted 
in FIG. 3, it may be vertical; i.e., normal to the orien- 
tation of the deposited layers. 

In the preferred embodiment, the tapers 60 are 
adiabatic; that is, the signal radiation remains in the 
fundamental mode as it is coupled from the passive 
to the active core, and again when it is coupled from 
the active to the passive core. (In the preferred em- 
bodiment, the active and passive cores are, of course, 
single-mode waveguides with respect to the signal ra- 
diation.) As is well known in the art, a taper will be 
adiabatic only if it is relatively gradual. For example, 
a straight-sided taper in this context will generally be 
adiabatic if it has a reduction ratio of about 1 00:1 ; i.e., 
the original width (or depth) is constricted, in effect, 
down to zero over a length that is 100 times the orig- 
inal width (or depth). The length of each tapered re- 
gion is exemplarily about 1 mm. 

Shown in FIG. 3 is a flowchart representing an ex- 
emplary sequence of steps in the fabrication of the in- 
ventive optical amplifier. The enumeration of the proc- 
ess steps in the following discussion is made with ref- 
erence to the figure. 

In Step A, the lower cladding layer is first formed. 

In Step B, a layer corresponding to the passive 
core is then deposited on the upper surface of the low- 
er cladding layer. 

In Step C, the workpiece is annealed in order to 
at least partially densify the deposited passive core 
layer. Appropriate annealing conditions will be readily 
apparent to a skilled practitioner in the art. 

In Step D, the passive core is then formed by 
etching the passive core layer. Dry etching is prefer- 
able for this step. 

In Step E, the workpiece is annealed in order to 
flow the passive core, reducing roughness that was 
caused by etching. Appropriate annealing conditions 
will be readily apparent to a skilled practitioner in the 
art. 

In Step F, a layer corresponding to the active core 
is then deposited. 

In Step G, the workpiece is annealed, exemplarily 
at 600°C for 2 hours in air. The purpose of this anneal- 
ing step is to stabilize the deposited film (i.e., against 
subsequent changes in structure, optical properties, 
and susceptibility to chemical attack). 

In Step H, the active core is then formed by etch- 
ing away a portion of the active core layer. A preferred 
etching process for Step H is ion milling, because this 
process is relatively nonselective with regard to the 
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composition of the material being removed. 

In optional Step I. the wo ri piece is desirably an- 
nealed in order to flow the active core, and thereby to 
reduce surface roughness created during Step H. Ap- 
propriate annealing conditions will be readily appa- 
rent to a skilled practitioner m the art. 

In Step J, the wonVpiece is then annealed at a 
temperature of at least about 700°C for a duration of 
at least about 1 hour in a reactive atmosphere such 
as very dry oxygen. (An appropriate grade of oxygen 
for this purpose is research grade, i.e., 99.999% pur- 
ity.) This step is believed to reduce contaminant lev- 
els. 

In optional Step K. before the upper cladding lay- 
er is deposited, a protective Mm of an appropriate di- 
electric material is advantageously formed over the 
active core in order to prevent contamination of the 
active core by the upper cladding layer. Such contam- 
ination should be avoided because it can reduce the 
radiative lifetime of tre £r* tors below acceptable lim- 
its. Protective films nat are eRective for that purpose 
can be, e.g.. siiicor donde or phosphorus silicate 
films formed by s^uDer my or evaporative deposition. 
Such a protective Urn. if used sfiould be at least about 
1000 A thick. 

In Step L. U»c upt** unjoin; layer is then depos- 
ited. 

Etching step* D and M are carried out such that 
after etching is completed the remaining portions of 
the active and passive core layers describe at least 
one pair of etongatrc carrv comprising an active core 
overlying a passive core The two cores have a com- 
mon longitudinal As c npparent in FIGs. 2 and 
3, the active core r> typ-coriy mode smaller than the 
passive core in the toogdudnai drection. As seen in 
FIG. 2, this leads to a pa« </ u»onnal passive core por- 
tions 70 not overum t*y xtw active core. If the taper is 
formed with resp«»ci lo the transverse direction, as 
shown in FIG 2. :*w *^ve c*.** wi\ also typically be 
smaller than the pas rn»* *n the transverse direc- 
tion. However, if the t\ formed with respect to the 
vertical direction, as vN>*n m r K"> 3. then the widths 
(i.e., in the transversa d#ertir>n> of the active and pas- 
sive cores are opi»onai»» m«K)e equal. 

As noted above an enerrptary method of depos- 
iting the active core MyM sputtering. According 
to this method, a glass u*oet of a predetermined com- 
position is provided T he si »ccn substrate and the tar- 
get are both placed *ithm a vacuum chamber that is 
evacuable to a pressure of atout 3 x 10r 7 torr or less. 
The chamber is evacuated and oxygen and argon are 
admitted. A radio- frequency discharge is produced, 
which leads to evaporation ol material from the target 
and red epos ition of such material on the substrate, as 
is well-known in the art. 

As noted above, it is desirable for the deposited 
active core layer to contain sodium or a similarly-be- 
having modifier, in order to prevent clustering of the 



erbium atoms. Sputtering of sodium-containing glass 
often has unsatisfactory results because the sodium 
content of the deposited glass often tends to fall far 
below the sodium content of the target. However, we 

5 have discovered that under appropriate sputtering 
conditions, the sodium content of the deposited glass 
can be made relatively close to that of the target. We 
have found the following conditions in the sputtering 
chamber to be desirable in that regard: a pressure of 

10 8-50 urn, and preferably about 27 jim; an argon-to- 
oxygen flow ratio in the range 10:1 to 0.3:1, and pre- 
ferably about 0.5:1; a substrate temperature that can 
range freely between about 25°C and about 70°C; 
and rf frequency of 13.6 MHz and power of about 50 

75 W. We used a target 3 in. (7.6 cm) in diameter and a 
silicon-wafer substrate 4 in. (10.2 cm) in diameter. 
The target was situated 1 - 3 in. (2.5 - 7.6 cm) from 
the substrate, preferably about 3 in. (7.6 cm). 

The radiative lifetime of the lasing level of the ex- 

20 cited erbium ions is desirably at least about 7 ms. In 
order to achieve such relatively high lifetimes, it is par- 
ticularly important to include, during formation of the 
device, Step J, annealing in a reactive atmosphere. 
In use, the signal and the pump radiation are com- 

25 bined and injected into the amplifier, exemplarity by 
means of directional coupler or wavelength division 
multiplexer 80, shown in FIG. 2. The amplified signal 
is extracted, exemplarHy by wavelength division de- 
multiplexer 85 of FIG. 2, and unwanted pump radia- 

30 tion that would otherwise contaminate the amplified 
signal is eliminated, exemplarHy by filtering. Such 
methods are well-known in the art, and need not be 
described here in detail. 

The foregoing discussion is for illustrative purpos- 

35 es only, and is not intended to limit the scope of the 
invention to a single-pass optical amplifier. For exam- 
ple, a laser or parametric oscillator is readily made by 
incorporating at least one optical feedback element 
with the inventive waveguiding structure. An appropri- 

40 ate such element is, e.g., a mirror or a distributed 
Bragg reflector. Such an arrangement is readily envi- 
sioned with reference to FIG. 2, substituting a mirror 
or Bragg reflector for one or both of elements 80 and 
85. 

45 

EXAMPLE 

Erbium-doped glass films, varying in thickness 
from about 0.8 \xm at the edge to about 1 .5 u.m at the 

so center, were formed on 4-in. (10.2-cm) diameter sili- 
con wafer substrates by sputter deposition, substan- 
tially as described above. In separate trials, three dif- 
ferent target compositions were used. The target 
compositions will be described with reference to the 

55 general formula Si0 2 (Na 2 0) a (CaO) b (Er 2 Q3) c- The 
compositions of the resulting, sputter-deposited films 
will similarly be represented by Si0 2 (Na 2 0) 
a .(CaOMEr 2 0 3 )c.. 
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The first target had a=0.27, b=0.14, and c=0.028. 
The resulting sputter-deposited layer had a'=0.20, 
b'=0.117, and c i =0.0275. The second target had 
a=0.34, b=0.O0, and c=0.033, resulting in a deposited 
layer with a'=0.30 and c'=0.036. The third target had 5 
a=0.265, b=0.00, and c=0.038, resulting in a deposit- 
ed layer with a'=0.1 7 and c'=0.032. The deposited lay- 
ers were analyzed by Rutherford backs catterring. All 
three layers had erbium radiative lifetimes of about 10 
milliseconds, and densities of about 6 x 1 0 22 atoms 10 
per cubic centimeter. 



Claims 

1. An optical device, comprising: 

a) an elongate, active glass core which ex- 
tends along a longitudinal axis and comprises 
silicon, oxygen, and erbium, the erbium being 
at least partially in the form of Er 3+ ions, the ac- 
tive core having a refractive index; 

b) a glass cladding comprising at least one 
layer which at least partially surrounds the ac- 
tive core and has a refractive index which is 
smaller than the core refractive index; 

c) means for coupling signal radiation, having 
a signal wavelength, into the active core and 
means for coupling the signal radiation out of 
the active core; and 

d) means for coupling pump radiation into the 
active core such that pump radiation of an ap- 
propriate wavelength will excite at least some 
of the Er** ions to a lasing level, leading to am- 
plification of the signal radiation by stimulated 
emission, 

CHARACTERIZED IN THAT 

e) the device further comprises a substrate 
having a substantially planar principal sur- 
face; 

f) the active core is a body that overlies a por- 
tion of the principal surface; 

g) the cladding comprises a lower cladding 
layer disposed between the active core and 
the principal surface, and an upper cladding 
layer which overlies and partially surrounds 
the active core; 

h) the active core further comprises an alkali 
metal or alkaline earth metal in an effective 
quantity to prevent clustering of erbium atoms; 

i) the active core has an erbium-to-silicon 
atomic ratio of at least about 0.01 and an ab- 
solute erbium concentration of at least about 
1.4 x 10 20 atoms per cubic centimeter, and 

j) the lasing level has a radiative lifetime of at 
least about 7 ms. 

2. The optical device of claim 1 , wherein the sub- 
strate comprises a silicon body. 



3. The optical device of claim 1, wherein the active 
core has an erbium-to-silicon atomic ratio of at 
least about 0.02. 

4. The optical device of claim 1, wherein the active 
glass core is adapted to guide the fundamental 
mode of the signal wavelength, and the means for 
coupling the signal radiation into and out of the 
active core are adapted to couple the signal radi- 
ation adiabaticatly. 

5. The optical device of claim 1 , wherein the concen- 
tration of Er^ ions is substantially constant 
throughout the active core, and the active core is 

15 substantially free of radiation damage. 

6. The optical device of claim 1, wherein the alkali 
metal or akaline earth metal comprises sodium, 
and the active core has a sodtum-to-silicon atom- 

20 ic ratio in the approximate range 0.2 - 0.6. 

7. The optical device of claim 1, wherein the alkali 
metal or akaline earth metal comprises calcium, 
and the active core has a calcium-to-silicon atom- 

25 ic ratio of not more than about 0.2. . 

8. The optical device of claim 4, further comprising 
an elongate, waveguiding, passive, glass core 
which extends along the longitudinal axis and is 

30 disposed between the lower cladding layer and 

the active core, the passive core being adapted to 
guide the fundamental mode of the signal radia- 
tion, means for coupling an optical signal and 
pump radiation into the passive core, and means 
35 for coupling signal radiation out of the passive 

core, wherein: 

the passive core is substantially free of er- 
biuin and has a refractive index that is smaller 
than the active core refractive index but larger 
40 than the upper and lower cladding refractive in- 

dices, 

the active core includes a central portion 
and two ends, 

and the means for coupling the signal ra- 
45 diation into and out of the active core comprise 

two further, tapered portions of the active core, 
each tapered portion extending between the cen- 
tral portion and an end and tapering toward the re- 
spective end such that the tapered portion is pro- 
50 gressively constricted in at least one direction 

perpendicular to the longitudinal axis. 

9. The optical device of claim 8, wherein the perpen- 
dicular direction is substantially parallel to the 

55 substrate principal surface. 

1 0. The optical device of claim 8, wherein the perpen- 
dicular direction is substantially normal to the 
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substrate principal surface. 

11. The optical device of claim 8, wherein the passive 
core comprises phosphosilicate glass, the upper 
cladding layer comprises phosphosilicate glass, 
and the lower cladding layer comprises thermal 
silicon dioxide. 

12. The optical device of claim 1, further comprising 
at least one optical feedback element, such that 
the device can function as a laser. 

13. The optical device of claim 1, further comprising 
at least one optical feedback element, such that 
the device can function as a parametric oscillator. 

14. A method for forming an optical device on a sub- 
strate having a substantially planar principal sur- 
face, comprising: 

a) forming a first layer of vitreous silicon diox- 
ide on the principal surface; 

b) depositing a second layer of silica- based 
glass over the first layer by sputtering a target 
of silica-based glass such that the second lay- 
er has a higher refractive index than the first 
layer, 

c) annealing the second layer such that it is 
stabilized; 

d) removing a portion of the second layer by 
etching, such that an elongate core, extending 
along the longitudinal axis, is formed, the core 
being adapted, after completion of the device, 
to guide electromagnetic radiation of at least 
a signal wavelength and a pump wavelength; 
and 

e) depositing a third layer of phosphosilicate 
glass over the core such that the third layer 
has a smaller refractive index than the core; 

CHARACTERIZED IN THAT 

f) the target further comprises sodium and er- 
bium; and 

g) the target composition is selected such that 
the core has an erbium-to-silicon atomic ratio 
of at least about 0.01, a sodium-to-silicon 
atomic ratio in the approximate range 0.2 - 
0.6, and an absolute erbium concentration of 
at least about 1.4 x 10 20 atoms per cubic cen- 
timeter, and the target composition is further 
selected such that a lasing level is associated 
with the erbium in the core, the lasing level 
having a radiative lifetime of at least about 7 
ms. 

15. The method of claim 14, further comprising, after 
(d) and before (e), the step of forming a protective 
dielectric film over the core. 

16. The method of claim 14, further comprising, after 



(d), the step of annealing the core such that 
roughness due to etching of the second layer is 
substantially removed. 

5 17. The method of claim 14, further comprising, after 
(d), the step of annealing the core at a tempera- 
ture of at least about 700°C for a duration of at 
least about 1 hour in a reactive atmosphere. 

10 18. A method for forming an optical device on a sub- 
strate having a substantially planar principal sur- 
face, comprising: 

a) forming a first layer of silicon dioxide on the 
principal surface; 
15 b) depositing a second layer of phosphosili- 

cate glass over the first layer such that the 
second layer has a higher refractive index 
than the first layer; 

c) annealing the second layer such that it is at 
20 least partially densified; 

d) removing a portion of the second layer by 
etching, such that an elongate lower core hav- 
ing a longitudinal axis is formed, the lower 
core being adapted, after completion of the 

25 device, to guide electromagnetic radiation of 

at least a signal wavelength and a pump wa- 
velength; 

e) annealing the lower core such that rough- 
ness due to etching of the second layer is sub- 

30 stantially removed; 

f) depositing a third layer of silica-based glass 
over the lower core by sputtering a target of 
silica- based glass such that the third layer has 
a higher refractive index than the lower core; 

35 g) annealing the third layer such that it is sta- 

bilized; 

h) removing a portion of the third layer by etch- 
ing, such that an elongate upper core, extend- 
ing along the longitudinal axis, is formed, the 

40 upper core being adapted, after completion of 

the device, to guide electromagnetic radiation 
of the signal and pump wavelengths; 

i) annealing the upper core at a temperature of 
at least about 700°C for a duration of at least 

45 about 1 hour in a reactive atmosphere; and 

j) depositing a fourth layer of phosphosilicate 
glass over the upper and lower cores such that 
the fourth layer has a smaller refractive index 
than the upper and lower cores; 

50 CHARACTERIZED IN THAT 

k) the target further comprises sodium and er- 
bium; and 

I) the target composition is selected such that 
the third layer has an erbium-to-silicon atomic 
55 ratio of at least about 0.01 , a sodium-to-sHicon 

atomic ratio in the approximate range 0.2 - 
0.6, and an absolute erbium concentration of 
at least about 1 .4 x 10 20 atoms per cubic cen- 
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timeter, and the target composition is further 
selected such that a tasing level is associated 
with the erbium in the third layer, the lasing 
level having a radiative lifetime of at least 
about 7 ms. 5 

19. The method of ciaim 18 further comprising, after 
(i) and before 0). the step of forming a protective 
dielectric film ovef the active core. 

10 

20. The method of clam 17 or ciaim 18, wherein the 
reactive atmosphere comprises very dry oxygen. 

21. The method of cia*n 18 a further comprising, after 

(h), the step of annealing the upper core such that is 
roughness due to etcfeng of the third layer is sub- 
stantially removed. 

20 



25 



30 



35 



40 



45 



50 



55 



BNSOOCID: <EP O510883A2_l_> 



EP 0 510 883 A2 




3NSDOClD:<EP 0510883A2 I > 



EP 0 510 883 A2 



FIG. 4 

, eJi 

FORM LOWER 
CLADDIN G LAYER 

DEPOSIT PASSIVE 
CORE LAYER 

* ~^ 

ANNEAL 

ETCH PASSIVE 
CORE LAY ER 

r -it 

ANNEAL 

DEPOSIT ACTIVE 
CORE LAYER 

ANNEAL 

ETCH ACTIVE 
CORE LAYER 

ANNEAL 



ANNEAL 



DEPOSIT 
PROTECTIVE FILM 

V rL 
DEPOSIT UPPER 
CLADDING LAYER 



10 



BNSDOCIQ <EP 0510683A2_I_> 



